The human brain is asymmetric in gross structure as well as functional organization. However, the developmental basis and trajectory of this asymmetry is unclear, and its relationship(s) to functional and cognitive development, especially language, remain to be fully elucidated. During infancy and early childhood, in concert with cortical gray matter growth, underlying axonal bundles become progressively myelinated. This myelination is critical for efficient and coherent interneuronal communication and, as revealed in animal studies, the degree of myelination changes in response to environment and neuronal activity. Using a novel quantitative magnetic resonance imaging method to investigate myelin content in vivo in human infants and young children, we investigated gross asymmetry of myelin in a large cohort of 108 typically developing children between 1 and 6 years of age, hypothesizing that asymmetry would predict language abilities in this cohort. While asymmetry of myelin content was evident in multiple cortical and subcortical regions, language ability was predicted only by leftward asymmetry of caudate and frontal cortex myelin content and rightward asymmetry in the extreme capsule. Importantly, the influence of this asymmetry was found to change with age, suggesting an age-specific influence of structure and myelin on language function. The relationship between language ability and asymmetry of myelin stabilized at ϳ4 years, indicating anatomical evidence for a critical time during development before which environmental influence on cognition may be greatest.
Introduction
Asymmetry of cortical size and function is a well established hallmark of human neuroanatomy and neuropsychology (Bradshaw, 1978; Gannon et al., 1998; Toga and Thompson, 2003) . Asymmetry of cortical volume appears phylogenetically conserved and is strongly heritable, particularly in brain regions underlying language (Thompson et al., 2001; Toga and Thompson, 2003) . The asymmetric functional brain representation of language overlaps with regions of strong cerebral left-sided lateralization of volume in Broca's area (Keller et al., 2009 ) and the planum temporale (Shapleske et al., 1999; Hill et al., 2010) . During prenatal development, however, structural asymmetries are more evident on the right side, with earlier gyrification of the superior frontal gyrus, Heschl's gyrus, and the superior temporal gyrus (DehaeneLambertz et al., 2006) . At term, volumetric asymmetry is reversed compared with adults (Gilmore et al., 2007) . However, the mechanisms and trajectory by which regional asymmetry changes, and how this relates to cognition and language development, is unclear.
Part of this explanation may come from white matter. Anatomical connections within, and between, cortical and subcortical structures partly define neural structures functionally (Passingham et al., 2002) . The establishment and consolidation of this structural architecture foreshadows functional and cognitive development . Throughout postnatal development, neural axons become encased in a fatty myelin sheath allowing rapid and coordinated interneuronal communication and providing a foundation for normal cortical functioning. Moreover, during postnatal development myelin content shows a dramatic increase across the whole brain, starting in thalamocortical and cerebellar structures and eventually reaching phylogenetically newer structures (Davison and Dobbing, 1966; Deoni et al., 2012) . The rate and extent of myelination is modulated by functional interneuronal activity (Demerens et al., 1996) . Based on the spatiotemporal relationship between evolving cognitive ability and myelination of subserving networks (Johnson and Munakata, 2005; Fornari et al., 2007) , asymmetries in myelination may be anticipated to mark specialized cortical circuit foundation generally, and functional lateralization in language specifically. However, there is a significant gap in the imaging literature with respect to children aged between 1 and 6 years due to the inherent difficulty in scanning children in this age group. This is an important period of anatomical neurodevelopment that corresponds to a dramatic period of language expansion ( To investigate developmental asymmetry in human brain myelination, we measured myelin content in a large sample of 108 typically developing infants and young children, aged between 1 and 6 years. Quantitative voxelwise myelin water content was measured using multicomponent relaxometry, a technique that estimates myelin-associated water content in white matter (Deoni et al., 2013) and results in a proportion of myelinassociated water for each voxel in the brain (the myelin water fraction, MWF). Our analysis tested the following three specific hypotheses: (1) that leftward asymmetry of myelin content would be evident in lateral temporal and perisylvian areas, (2) that these asymmetries change over time, and (3) that leftward asymmetries would relate to language ability in these children.
Materials and Methods
Sample. The local institutional review board approved this study and informed consent was obtained from each participating family. One hundred and eight healthy toddlers and young children aged 1 to 6 years (42 female, mean age 3.11 years) born at term took part in this study. For a detailed breakdown per age group see Table 1 .
Cognitive assessment. Within one calendar week of the magnetic resonance imaging (MRI) session, participating children were cognitively assessed using the Mullen Scales of Early Learning (Mullen, 1995) , a standardized measure of cognitive ability in infants and young children. There are five subscales in this measure: receptive language, expressive language, gross motor skill, fine motor skill, and visual reception. Here we focus on receptive and expressive language, fine motor, and visual reception subtests as the gross motor scale only covers a portion of the age-range sampled here. The receptive language scale measures auditory and mixed auditory/visual comprehension, expressive language measures early speech proficiency, visual reception broadly measures visual discrimination and memory, and fine motor measures unilateral and bilateral manual manipulation in response to visual cues. The Mullen scales demonstrate good convergent validity with other pediatric cognitive measures (Bishop et al., 2011) and good test-retest stability (Mullen, 1995; Dietz et al., 2007) . Handedness was assessed simply using parental questionnaire as part of a medical history questionnaire ("Does your child show a preference for handedness?" "If so which hand?").
Measuring myelin using the MWF. In vivo measurement of myelin is here calculated using multicomponent relaxometry of MRI data (Whittall et al., 1997) . Multiple variants of this technique exist but in general the purpose of such techniques is to take advantage of the fact that water has different longitudinal (T 1 ) and transverse relaxation time (T 2 ) characteristics depending on its environment (Levesque et al., 2010) . Specifically, water trapped between the myelin lipid bilayers tends to have a shorter T 2 time compared with that of intra/extra cellular water and CSF. Validation of this approach comes largely from models of white matter pathology such as the shiver mouse (Hurley et al., 2010) and multiple sclerosis in humans , where localized or global reductions in myelin have been reflected by similar reductions in MWF. Similar approaches to modeling MWF using MRI have also shown strong correspondence to histological staining using luxol fast blue in both demyelinated white matter, normal-appearing white matter, and cortical myelin (Laule et al., 2006 (Laule et al., , 2008 .
For these reasons, the MWF is likely to be more specific to myelin than white matter architectural techniques such as diffusion tensor imaging. Though extremely sensitive to changes in white matter architecture, changes in diffusion tensor-derived indices are extremely difficult to attribute to myelin (Jones and Cercignani, 2010) . There is little correlation between fractional anisotropy and MWF in healthy white matter though in multiple sclerosis lesions they correlate indicating that although diffusion tensor imaging-derived indices may be sensitive to myelin, they are unlikely to be specific.
MRI data acquisition. Subject data were acquired either during natural sleep (for children Ͻ4 years old) or while the child quietly watched a movie. Acquisition parameters were optimized for age group allowing the scan to be kept quiet by reducing slew rates for sleeping toddlers and tolerable for the older children (Deoni et al., 2012) . To quantitatively map myelin content we used a multicomponent decomposition of T 1 and T 2 relaxation (multicomponent driven equilibrium single pulse observation of T 1 and T 2 or mcDESPOT; Deoni et al., 2008) . This method derives MWF from a series of 8 spoiled gradient echo (SPGR) and 16 balanced steady-state free precession (bSSFP) volumes acquired over a range of flip angles. Along with the SPGR images, two inversion recovery SPGR (IR-SPGR) volumes were used to correct for transmit (B 1 ) magnetic field inhomogeneities; while two bSSFP phase-cycling patterns (0 and 180°) were acquired for main (B 0 ) magnetic field inhomogeneity correction (Deoni, 2011). Four age-specific sequences were used here as described in more detail in Deoni et al. (2012) . The parameters according to age group are detailed in Table 2 . The field of view used was informed by the mean head circumference expected by the child's age (www.cdc. gov/growthcharts/clinical_charts.htm). The image matrix was also altered to provide isotropic voxel sizes of 1.8 mm. Scan time was kept within a tolerable 30 min.
Image preprocessing. To correct for any residual interscan motion, the SPGR, IR-SPGR, and bSSFP images were linearly coregistered to each other using the FSL image registration package flirt (www.fmrib.ox.ac. uk/fsl; Jenkinson et al., 2002) . After removing nonbrain voxels, MWF maps were calculated for each subject at every voxel using a three pool model for water content in white matter (Deoni et al., 2013) .
Images were transformed to a common space using a two-stage process. The T 1 -weighted SPGR image with the highest flip angle was chosen as the image to register as it had the highest tissue contrast. The first stage registered this SPGR to an age-specific T 1 -weighted template, a necessity for pediatric imaging in this age range due to the rapidly changing T 1 -weighted contrast (Deoni et al., 2012; Sadeghi et al., 2013) . Nonlinear registrations to this age-specific template were performed using the image registration package ANTS and symmetric diffeomorphic normalization (SyN, implemented in the ANTs package; http://www.picsl.upenn. edu/ANTS/; Avants et al., 2011) . A further precalculated transformation was applied from the age-specific template to a pediatric template (Deoni et al., 2012) . The SPGR was then flipped on the x-axis (sagittally) and this flipped image was registered in the same way to the same pediatric template. These transformations were then applied to the native space MWF and flipped MWF images. Analyses were constrained to a core white matter mask created by averaging the raw and flipped images for all subjects, thresholding by 0.05 for both and only voxels surviving this thresholding in raw and flipped space were kept for further analysis.
The resulting MWF images (flipped and standard) were converted to voxelwise asymmetry indices using the following formula: (Left Ϫ Right)/(Left ϩ Right). The resulting images were smoothed spatially using a 3D Gaussian kernel with a full-width at half maximum of 5 mm within the white matter mask (3dBlurInMask, part of the AFNI package http://afni.nimh.nih.gov/).
Imaging statistics. A general linear model (GLM) was created using the FSL package GLM. Mean asymmetry, age, and gender were used as predictor variables and contrasts were designed to investigate significant leftward and rightward asymmetry. This GLM was tested nonparametrically using permutation testing (randomize). Images were thresholded using a two-stage procedure with clusters determined at t Ͻ 3.1 (approximately p Ͻ 0.001), and a cluster significance level of p Ͻ 0.05, corrected for multiple comparisons.
Post hoc asymmetry/cognition relationships. From the significant clusters of asymmetry detected in the main analysis, mean asymmetry index values were extracted for every subject. To investigate the relationship between these asymmetries and the four Mullen subscales, a series of GLMs were created in SPSS (SPSS, IBM). The predictors of cognitive abilities were mean asymmetry values underlying the significant results of the voxelwise analysis, age, gender, handedness, and the interactions of asymmetry with age. We corrected for multiple comparisons using false discovery rate (Benjamini and Hochberg, 1995) at both levels.
To illustrate an age*asymmetry interaction in predicting cognitive scores, we plotted a moving average correlation of language score and asymmetry index as a function of a moving age bin centered on each subject's age. The number of subjects for each bin was held constant (12 younger and 12 older), though the age range varied. This was performed purely to illustrate any significant interactions in the relationship between asymmetry and cognitive ability with age.
Results
Descriptive statistics related to handedness and results on the cognitive subscales are outlined in Table 3 . No significant differences were detectable between genders. Mullen scales are designed to have a mean of 50 and an SD of 10. Our results roughly reflect this, indicating our sample is representative of a typical population of infants and toddlers. However, there was a ceiling effect in the scores for children at the top end of the age range (see Fig. 1 for a plot of raw and scaled scores as a function of age; children aged Ͼ1800 d are marked in red). This ceiling effect is partly reflected in the Mullen Scales manual (Mullen, 1995) by a reduction in the possible range of scaled scores in later childhood. We reproduce this ceiling and reduction in range here (Fig. 1,  bottom row, red) .
Asymmetry of myelin content
A whole-brain voxelwise analysis of myelin content asymmetry was tested by permutation within a white matter mask (Fig. 2 , blue outline). Significant leftward asymmetry (Fig. 2, top row) was detected in clusters in the anterior caudate and thalamus, medial frontal cortex (a region that corresponds to the white matter projections of the anterior thalamus as well as the anterior aspect of the cingulum bundle), posterior parietal lobe, and a single cluster in the temporal/occipital lobe that overlaps with the trajectory of the inferior longitudinal fasciculus and the arcuate fasciculus. Rightward asymmetry was detected in the dorsal aspect of the extreme capsule, white matter underlying lateral motor cortex (corresponding to the mouth area), and ventral frontal cortex (Fig. 2, bottom row) . Further contrasts were designed to investigate the effect of age and gender on this asymmetry. No significant relationships were detected. Our data indicate that although absolute MWF in these regions is increasing, as would be expected (Deoni et al., 2012 ; Fig. 3c ), the asymmetry of myelination is relatively constant, with no significant change over time (Fig. 3d) . Mean asymmetry results and their coordinates in standard (MNI) space are in detailed in Table 4 .
Relationship of asymmetry to language ability
To investigate relationships between the above structural asymmetries and expressive and receptive language ability, we created a multivariate GLM with gender, age, and asymmetry index (of the eight clusters detected in the asymmetry analysis) and their interactions with age as predictors of the four cognitive measures. Results from this analysis revealed a positive relationship between leftward asymmetry in the anterior thalamus and caudate with receptive language (F ϭ 8.720, df ϭ 1,71, p Ͻ 0.004) and visual reception scores (F ϭ 7.389, df ϭ 1,71, p Ͻ 0.008). Rightward asymmetry in the extreme capsule was associated with receptive language scores (F ϭ 16.383, df ϭ 1,71, p Ͻ 0.001) as well as expressive language (F ϭ 4.903, df ϭ 1,71, p Ͻ 0.030). A negative relationship was detected between leftward medial frontal asymmetry and expressive language ability (F ϭ 6.932 df ϭ 1,71, p Ͻ 0.01). No relationship was detected between lateral frontal or temporal areas and these language measures. Importantly, a significant interaction was detected between the relationship of asymmetry and language with age. In fact, looking at Figure 4 , not just the strength, but the directionality of the relationships changes with age. With age, the relationship between rightward asymmetry in the putamen and receptive language starts negative but becomes progressively positive (F ϭ 14.345, df ϭ 1,71, p Ͻ 0.001) and the same pattern is evident with expressive language (F ϭ 5.836, df ϭ 1,71, p Ͻ 0.018), albeit to a weaker extent (Fig.  4, top row) . Leftward asymmetry in frontal cortex shows a negative relationship in infants but becomes progressively positive (F ϭ 7.782, df ϭ 1,71, p Ͻ 0.007), whereas leftward asymmetry in the anterior thalamus/caudate starts positive and becomes progressively negative (F ϭ 9.441, df ϭ 1,71, p Ͻ 0.007; Fig. 4 , bottom row). These results are summarized in Table 4 . Omission of children aged Ͼ1800 d (i.e., at the ceiling for behavioral scores) did not alter these results.
Discussion
Using a novel quantitative measure of myelin content, we investigated asymmetry of myelination in the developing brain, focusing on a challenging and understudied age group of typically 14, 20, 27, 34, 41, 56, 70 9, 14, 20, 27, 34, 41, 56, 70 9, 14, 20, 27, 34, 41, 56, 70 9, 14, 20, 27, 34, 41, 56, 70 (Hill et al., 2010) studies. We detected relationships between the asymmetry and visual, receptive language and expressive language abilities in these same young children. Unlike the asymmetries themselves, this relationship changed both in strength and direction over time. Combined, these results bridge a gap between recent reports of structure in children and infants, revealing the changing functional relationships occurring in the connectional white matter of the brain in this practically challenging and understudied population of infants and toddlers. This white matter asymmetry uses a biologically plausible and quantitative marker of myelin, allowing us to be more specific in our biological interpretation than is possible in volumetry or diffusion data analysis (Jones and Cercignani, 2010) .
The change and progression of language abilities in this age range is dramatic. Children develop from a limited receptive vocabulary of up to 50 words at one year to a vocabulary of ϳ5000 words at 6 years (Locke, 1997). The fastest lifetime rate of both expressive and receptive language acquisition occurs between 18 and 60 months, slowing thereafter. This sample captures this period of intense development, providing a novel view on the anatomical architecture supporting this linguistic development. Our results emphasize the critical role of subcortical structures in the architecture of early language development. This is perhaps unsurprising given that these structures are among the first to myelinate (Brody et al., 1987; Hasegawa et al., 1992) . The areas reported here, part of cohesive thalamo-cortico-basal ganglial circuits (Alexander and Crutcher, 1990) , are strongly associated with language ability (Barbas et al., 2013) ; the anterior thalamus especially in linguistic violation processing (Wahl et al., 2008) and the left caudate in language monitoring (Ali et al., 2010) . Rightward asymmetry in the extreme capsule superior to the putamen may reflect connectivity to lateral frontal cortex. The putamen specifically has been associated functionally with frontal areas during phonological processing (Booth et al., 2007) and more generally with respect to motor control in language (Jürgens, 2002) .
It is possible that leftward asymmetry of mesial frontal cortex is anatomically related to the thalamic and caudate myelin asymmetry as it overlaps spatially with thalamofrontal projections (Fair et al., 2010; O'Muircheartaigh et al., 2011) . However, this is unlikely given their differing relationship and direction with language abilities (Fig. 4) . This frontal region also overlaps with the anterior aspect of the cingulum bundle, argued to be a critical region involved in attention (Posner, 2012) . The cingulum myelinates relatively late (Fuster, 2002; Fields, 2005) , possibly going some way to explain the flip in relationship from positive to negative relationship with language between 1 and 4 years. The association between this region and expressive language ability may be dependent on other more general underlying processes. Asymmetry in this region did not show any relationship with visual reception scores, a specific measure of visual attention. The association between mesial frontal cortex and social learning (Amodio and Frith, 2006) , a precondition to successful language acquisition (Kuhl, 2007) , may therefore be more relevant.
Although we did detect asymmetry in this age group in areas that overlap with areas classically associated with language, such as the ventral aspect of the arcuate fasciculus, we did not detect a relationship with language. Relationships described in adults have not specifically been shown with language, but with verbal recall (Catani et al., 2007) , and asymmetry of tractographyderived streamlines in the arcuate showed a marked ceiling effect with a significant proportion of children showing 100% leftward asymmetry (i.e., no right arcuate fasciculus; Lebel and Beaulieu, 2009). Using fractional anisotropy, a measure of white matter fiber architecture, asymmetries in the arcuate fasciculus have been also shown in infants (Dubois et al., 2009) . Though not discussed in detail, leftward asymmetries in areas relevant here such as the anterior thalamus, mesial frontal cortex and rightward asymmetries in the anterior insula were also detected. These results are unlikely to be related to myelination, as this area is weakly myelinated in the infant age group investigated (Brody et al., 1987) . Instead they may demonstrate asymmetries in the underlying fiber architecture, the structural foundation upon which myelination occurs.
Although functional asymmetry changes during early childhood, becoming progressively more lateralized (DehaeneLambertz et al., 2006) , the magnitude of asymmetry of myelin here remains constant (Fig. 3d) . However, the relationship between myelin asymmetry and language changed over time. Im- Figure 1 . Plots of raw scores (top row) and scaled scores (bottom row) of receptive language (left column) and expressive language (right column) against age. A marked ceiling effect in the raw scores is evident in children aged over 1800 days (highlighted in red) and is reflected by a reduced spread in scaled scores. portantly this changing relationship appears to stabilize at ϳ3-4 years (Fig. 4) , around the same time that myelin development begins to slow substantially (Fig. 3c) and overlapping with the end of a putative language critical period (Locke, 1997) . This may reflect the more intense functional asymmetry occurring in language networks in this age group, and therefore the higher importance attributed to white matter underlying a functional area.
For the putamen and mesial frontal areas, asymmetry initially negatively predicts language ability in the young toddlers, but eventually positively predicts language in the older children and vice versa in the medial frontal lobe. The change in direction of the relationship between language and asymmetry is puzzling although not unique. This flip in directionality has been observed before in older children (Shaw et al., 2006; Fjell et al., 2012) . Children with high intelligence initially had relatively thinner cortex compared with those of average intelligence but by their teens had demonstrably thicker cortex in medial frontal gray matter overlapping with that detected here. Fjell et al. (2012) found that the right anterior cingulate area was related to cognitive control in children aged four years and above. This relationship changed over age from a negative influence to a positive. Our leftward asymmetry relates to language in a similar way, indicating that the influence of this region of the brain may not be specific to language but more generally to cognitive control. Although investigating older children and gray matter, these results imply differential recruitment of anatomical pathways to support cognitive ability during development. Investigations of younger groups have demonstrated extensive postnatal changes in cortical gray matter (Dubois et al., 2010) with early indications of subcortical structure in infancy positively predicting later language skills (Deniz Can et al., 2013) . The data presented here are cross sectional, longitudinal analysis will allow us to confirm these findings; however, the changing interaction between ability and myelin may be mediated by progressive functional specialization in these connected cortical regions, which itself is partly mediated by environmental influences (Johnson, 2001) .
Deviations from typical patterns of cortical and functional asymmetry have been related to autism (Eyler et al., 2012) , developmental language disorders (Herbert et al., 2005) , and schizophrenia (Kawasaki et al., 2008) . These neurodevelopmental disorders have been characterized within the framework of white matter disconnectivity (Catani and ffytche, 2005; Fields, 2008) . A characterization of typical patterns of asymmetry would help pinpoint where and when these disorders deviate from normal patterns of development. In infants with autism, functional MRI studies have revealed an absence of leftward functional asymmetry in response to language in the superior temporal gyrus. It was shifted significantly rightward (i.e., abnormally) as a function of age (Eyler et al., 2012) . This functional finding is mirrored by a shift of gray matter asymmetry from left to right in adolescents with developmental language disorder and autism (Herbert et al., 2005) . Reduced asymmetry of the planum temporale has also been reported in dyslexia (Beaton, 1997). What is not clear is whether these asymmetries are a consequence rather than a cause of these disorders (Bishop, 2013) . Myelin content is particularly suited to track these changes and answer these questions. In children, myelination goes through a dramatic and stereotyped pattern of development (Davison and Dobbing, 1966; Deoni et al., 2012) and occurs in response to activity (Demerens et al., 1996) as well as shaping functional activity (Fornari et al., 2007) . Therefore changes in neuronal activity would be expected to precede and predict changes in myelination.
Using a large cross-sectional sample of infants and toddlers and a novel in vivo approach to the quantification of water myelin content, we demonstrate that, while cerebral asymmetry may be established and constrained at an early age, this asymmetry is related to language ability in children undergoing a crucial period of neuroanatomical development. Importantly, the coupling between asymmetrical structure and function changes during development and this flux in relations between anatomy and language stabilizes around the age of 4 years. This is the first work x-axis) . Plots demonstrate the changing relationships between asymmetry of myelin content in the extreme capsule and receptive and expressive language scores, respectively (top row), and between leftward asymmetry in the caudate/thalamus and frontal cortex with receptive and expressive language scores respectively (bottom row).
to investigate specific asymmetry of myelin, providing a new outlook on the developing brain and the interaction between white matter anatomy and developing cognition.
